This is a report of many distant but significant protein sequence relationships between human proteins and transposable elements (TEs). The libraries of human repeated sequences contain the DNA sequences of many TEs. These were translated in all reading frames, ignoring stop codons, and were used as amino acid sequence probes to search with BLASTP for similar sequences in a library of 25,193 human proteins. The probes show regions of significant amino acid sequence similarity to 1,950 different human genes, with an expectation of <10 ؊3 . In comparison with previous REPEATMASKER (Institute for Systems Biology, Seattle) studies, these probes detect many more TE sequences in more human coding sequences with greater length than previous work using DNA sequences. If the criterion is opened, very many matches are found occurring on 4,653 different genes after correction for the number seen with random amino acid sequence probes. The processes that led to these extensive sets of sequence relationships between TEs and coding sequences of human genes have been a major source of variation and novel genes during evolution. This paper lists the number of sequence similarities seen by amino acid sequence comparison, which is surely an underestimate of the actual number of significant relationships. It appears that many of these are the result of past events of duplication of genes or gene regions, rather than a direct result of TE insertion. This report of observable relationships leaves to the future the functional implications as well as the detection of the events of TE insertion.
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sequence similarity ͉ mobile elements ͉ genes ͉ repeated sequences T he contribution of transposable elements (TEs) to eukaryotic genomes has been much studied and will not be reviewed here. I use the phrase TE to refer to any of the known repeated sequences, not including short tandem repeats and simple sequences. The presumption is that most TEs are the product of past insertions of active TE family members into the genomes of many eukaryote ancestors. No uncertainty in meaning results for the minority for which this may not have been demonstrated. Usage does not imply that the elements are currently active and transposable.
This article describes measurements of the relationships of TE sequences to human coding sequences, which probably represent much of the contribution TEs have made to the coding sequences of human proteins. The logic underlying this approach is that among the human ''repeated sequences,'' there are many sequences that are related to TEs but are mostly incomplete and damaged, and the original ORFs of the once active TE cannot be recognized in many cases. Therefore, I have simply taken as probes the translation in each of the possible reading frames, ignoring stop codons, to make a set of six probes for each of the repeated sequences. The sequences available may well have undergone various mutations, including frame-shift events, and these will have broken up and limited the length of the TE probes. The relationship of the probes to the original TE is uncertain. The test is whether amino acid sequence similarities to human proteins are found. It turns out that these probes are more effective in finding TE sequence relationships to coding sequences than the previously used DNA sequence methods (1-5). The amino acid sequence probes identify about six times as many as the DNA sequence searches, and the regions of sequence similarity are much longer. The amino acid sequences of these probes are effective, in part, because the DNA sequences drift more rapidly during sequence evolution. In sum, these amino acid sequence probes work well, but the result is assuredly an incomplete view of the TE sequences in human proteins. It must be realized that the events responsible for the relationships occurred in the distant past, and thus the sequence relationships are very divergent and difficult to separate from similarities that may occur among random sequences. Among the reasons for the large number of observed relationships between the TEs and human proteins is that many gene regions have been duplicated in the past and are sequence-related to each other (6) . The sequence regions that are similar to TEs are included among the regions that have many relationships to other proteins and thus have been duplicated many times in the past. Some genes include within their length many copies of local blocks of amino acid sequence as a result of internal regional events of duplication. In some cases, regions with similarity to TEs have been included in this process. As a result of these phenomena, the majority of similarities of amino acid sequences to TEs are the result of duplications rather than actual insertion events. Future work will be required to detect the actual insertion events.
In the past, it has been shown that TEs have supplied information for protein amino acid sequences (1-4) based on the DNA sequence relationship between the coding sequences and known TE sequences. Observations have identified 19 (2) and 47 (3) genes that appear to have coding sequences derived in part from TEs. There is also evidence that half a dozen protein coding sequences are derived almost entirely from TEs (5). Recent work, also based on DNA sequence relationships, reports 533 cases of TE sequences within human protein coding sequences (4), recognized by REPEATMASKER (RM) (Institute for Systems Biology, Seattle). One might expect that insertions of TE into coding sequences has been a continuous process in the past, during the whole period when TEs were present in the genome. It is not known how long TEs have been active, but it probably extends far into the past. The data support such a view and indicate conservation of the resulting amino acid sequences in some cases; therefore, amino acid similarities permit looking into the distant past. We have used as probes the amino acid sequences of the regions of the genes in which the 934 examples of TE inserts in the coding regions of genes were recognized by RM. We compared them with the amino acid sequences of a library of 25,193 genes and found many thousands of proteins with apparent TE sequences. However, this work was terminated because of the superior quality of the amino acid sequence probes to be described.
Results

RM
Comparison of Three Methods of Detecting TE Sequences in Human
Protein Coding Sequences. The three methods are: (i) RM, (ii) DNA sequence probes using BLAST, and (iii) six-frame translations of the DNA sequences as probes using BLASTP. For the first two methods, the target library was the mRNA sequences of 25,193 human genes. For the third method, the target was the protein sequences of the same library, using BLASTP. For the two BLAST runs, the criterion was that the expectation should be Յ10 Ϫ3 (see Methods). The RM run was at the default criterion. Table 1 shows the comparison of the three methods. The number 344 is the number of different TEs that match regardless of the translation frame. It is obvious that the six-frame translation method is more sensitive, involves more TEs than the other methods, and makes much longer matches. The average length is in protein sequence equivalent or the DNA sequence length divided by three. For the RM length value in each case, RM chooses the best match by default criterion. For the other two methods, the longest match to each gene is averaged. For the average length of all matches, these numbers fall from 31 to 27 and from 257 to 210.
Search Using Amino Acid Sequence Probes. The first step was to translate, in all six reading frames, each of the collections of human repeated sequences. All of these may be considered potential TEs and, if not, may still be worth investigation if they find matches to human proteins. The resulting collection included 5,010 probes translated from 835 potential TEs. It is derived from the library used by RM (7) . When this collection was compared by using blastp to a library of 25,193 human proteins, there were matches to 1,950 different human protein sequences with a limit that the expectation was Յ10 Ϫ3 .
The 1,950 different proteins matched have direct significance. The data in Table 1 more than triple the number of published relationships of TEs to human coding sequences from 533 (4) to 1,950. We have observed TEs in 814 different genes using RM to examine the library of 25,319 human genes. These data show the greater sensitivity to detect TE sequences using the six-frame translations of human repeated sequences, compared with RM. The 1,950 number is the largest estimate, up to this measurement of the TE sequences present in human proteins. Fig. 1 shows the fraction of the gene length that matches these amino acid sequence probes, also called the coverage. The number of genes is plotted against the percent of the length covered. At the right of the curve are a few hundred genes that have Ͼ80% of their length matching TEs.
The relationships observed are the result of the history of the proteins, including (for genes with repetitive structure) the results of unequal crossing over and slippage. There is also evidence (6) that the majority of genes are related to many other human genes, probably as the result of past duplications of regions. Studies (not shown) of the TE regions indicate they are often included in these gene-to-gene sequence similarities. The point is there is no one-to-one correspondence between the observation of a sequence relationship between a TE and any gene and the original insertion of the TE into a gene in the past. This is particularly obvious for genes that occur in large families and with large coverage, such as the collagens. Our studies examine only the results of all of the underlying processes that lead to diverged copies of the original TE sequences.
The same set of probes was matched to a library of 16,655 genes known to produce proteins that have been studied (see Methods). For convenience, these are called known gene product genes. Table  2 lists the number of these genes as a function of the percent of their length matched by the probes (coverage) as well as the ratio between the number observed for the two libraries. The ratio of the sizes of the two libraries is 0.68, i.e., 16,655͞25,193, whereas the ratio for 91-100% coverage is 0.51. These results suggest that many apparent genes in the library of 25,193 that show Ͼ90% coverage may be translatable or translated TE sequences in the genome rather than genes that produce useful proteins. A current search of their Web site (www.ncbi.nlm.nih.gov) shows that the National Center for Biotechnology Information has indeed removed some of these genes. Table 2 shows the number of genes matched as a function of percent coverage in 10% intervals. The search of the known gene product gene library shows that Ͼ100 genes that produce studied proteins are matched by TEs over Ͼ80% of their length. Fifteen examples of apparent genes that are recognized as TEs have been removed from this list. Table 3 lists the genes that have been recognized as well as their functions. A good variety of different functional genes are present in Table 3 , and many of them have multiple regional duplications, for example, collagen and elastin.
The best explanation is that regions of this set of genes were originally derived in part from TE. For these examples, recognizable traces of their origins remain after a history of many duplications of both the whole gene and regions of it. In general, the amino acid sequence relationships are weak but significant. The average relationships show larger divergence than observed for the six genes previously identified that showed relatively precise relationships over most of their length (5) . Because of the length of Table 3 , the cases of genes with multiple transcript variants (tv) have been reduced to a single example. Thirty-one such cases, mostly collagen, have been removed, and the numbers of all of the tvs are listed for each example. In addition to these 96 examples, there are 241 examples with a coverage between 50% and 80% of the genes from the known gene product gene library that have significant similarity to TEs.
Relatives Among the Amino Acid Probes. In the comparison of the 5,010 probes with the human protein library, 17,190 total matches were reported by BLASTP. In most cases, these overlap with other matches and are of little individual consequence. On examination of the data, it was also observed that many of the genes matched a number of probes; this also is of little consequence but must be mentioned. The principal reason is that the probes are related to each other; for example, many are members of classes of repeats that are related to each other. Therefore, all 847 six-frame translation amino acid sequence probes that find matches to human genes were compared with each other by using BLASTP. On average, these probes are significantly related to Ϸ30 other probes. The maximum number of relatives of any one probe is 84. Only 48 of these probes have no recognized relatives.
Cases in Which All Six Reading Frames Match Human Proteins.
In some cases, all six reading frames matched human protein amino acid sequences with an expectation of Յ10 Ϫ3 . These are listed in Table 4 , along with the number of times relationships are observed, regardless of frame, in the whole library. Many are translations of Alu repeated sequences, and many classes of Alus are included. Of course, there is no known functional Alu translation. These translations simply are similar in sequence to the various ways an Alu sequence can be incorporated into a gene-coding sequence and modified (by necessity for its survival) to achieve translatability. Many of the named classes of Alu sequences are very similar to each other, and the matching regions overlap severely. The largest number of TEs in this list are those found frequently in human proteins; thus, there has been an opportunity for matches to probes in all six reading frames.
Precision of Matches.
The precision of the matches is of some value in attempting to understand the history of the sequence similarities to TEs. The interest is in the best matches of all the many matches that identify each of the 1,950 genes as including a TE sequence. Fig. 2 shows the distribution of the number of these best matches vs. the percent match. The mode is at 28% match, and there are examples all the way up to one at 100%.
Random Sequence Comparison.
The set of 5,010 probes (six-frame translations of potential TEs) were replaced by random amino acid sequences of the same set of lengths. The average amino acid composition was matched to that of the whole library of 25,193 genes. BLASTP was used to compare this random set of 5,010 sequences with the 25,193 human genes, with a requirement that the expectation be Յ10 Ϫ3 . This process was done repeatedly, and the number of matches found varied from two to six, with an average of four. Thus, almost all 1,950 examples of TE insertions in coding regions are likely to be statistically significant. The criterion that the expectation was limited to Յ10 Ϫ3 was chosen for the first analysis to make sure the relationships were statistically significant and could be counted on as actual relationships between TEs and protein sequences.
Lower Criterion. The criterion of expectation of 10 Ϫ3 is actually quite restrictive. For larger expectations, many more relationships are seen, rising to large values; however, at the same time, the number of background relationships rises so that it becomes impossible to tell which relationships are actual and which may just be noise. The measure chosen for background (i.e., not significant relationships) is the number of matches observed when the set of probes were replaced by random sequences of matching lengths and appropriate composition. Table 5 shows the actual effects of decreasing the lower limit of the BLASTP quoted score. Because the two measures of statistical expectation are inverse to each other, this is roughly equivalent to increasing the upper limit for the expectation, but the score is more convenient.
The third column of Table 5 lists the results of a search for matches with BLASTP using the 5,010 probes described earlier. Listed are the number of different proteins that included matches. The search was done at a very open criterion, and the highest-scoring match was selected for each individual protein.
Matches were counted in each category of score limit quoted by the program. The fourth column lists the results where each probe was replaced by a random sequence of the same length and with composition equal on average to that of the library of 25,193 proteins. Table 5 shows a large increase in the number of matches for the lower score limits, whereas the background from random sequences also rises. The second column shows the difference between the number of proteins matched with the six-frame probes and the random probes and is labeled net as an estimate of the number of actual relationships between the TEs and the human proteins. The search with random sequence replacements for the 5,010 TE amino acid sequences was repeated 11 times, and the maximum net number of matches ranged from 4,491 to 6,153, with an average of 4,653 net matches. This large number of matches is apparently due to the presence of many more distant relationships to the TEs among the human proteins. Such a situation is expected if the process of TE insertions into proteins has a long history of insertions and duplications followed by drift of the sequences. This result leaves no doubt that the 1,950 identified in the first search with an expectation limit of 10 Ϫ3 is an underestimate of the total number of distinct human proteins that include sequences related to TEs. The maximum net estimate in Table 5 is more than twice as large (after correction for background) at open criterion compared with an expectation of Յ10 Ϫ3 .
Discussion
The process of choosing a sensitivity in measurements where background noise is detected and corrected for by subtraction is common in many fields but not in protein sequence comparison; I am not aware of previous publications. Nevertheless, it appears to be a sound procedure. The data of Table 5 suggest that there may be many TE sequences in human proteins that are the results of ancient events, and the sequences have drifted, making their recognition difficult. If this is so, the original estimate of 1,950 TEs in human proteins is a lower limit, because it was made with a rigid criterion. The much larger estimates of Table 5 are an improvement, but no upper limit of the number of TEs in human proteins is available. It seems likely that the processes responsible (TE insertion followed by gene duplication and regional copying) go back to the origin of eukaryotes or even earlier. Thus, the majority of such sequence relationships have diverged to such an extent that they are now unrecognizable. Fig. 2 contributes to this argument, because it shows that there are examples with a precision of match over the range from the mode at 28% to 100%. The best explanation is that the most precise were recent events of inclusion of TEs in coding regions, and the others extend back in time to many ancient events. If this concept of a long history of such events is correct, which seems likely, then of course the more sensitive technique of the open criterion (Table 5 ) reaches back only part of the way. Both the included TEs in the coding regions and the TE examples used as probes have been subject to drift in their sequences, limiting search techniques based on amino acid sequence similarity. Thus, the many thousands estimated are just the more recent examples, and the total could be very large. The inclusion of TEs in coding regions and subsequent multiplication of the gene regions could well be a nearly universal process. Alternative possibilities are that gene coding sequences have become part of TEs, or that many copies of genes have been made that have become nonfunctional and are classified as repeated DNA sequence in the human genome.
Previous studies (6) show that Ͼ80% of genes in the library of 25,193 human genes have regions of significant amino acid sequence relationships to other human genes, often very many others. In most cases, there are regions within the genes that show many relationships, and other regions that show few or none. There is a great variety of patterns resulting from many past events of multiplication and rearrangement. Previous studies (6) and the data reported in this paper give insights into the existence of long-term processes that lead to extensive sets of sequence relationships between genes and TEs and among the genes themselves. These insights are the result of the detection of very distant but significant relationships. The functional value of these processes during evolution presumably has been gene variation and the creation of novel genes and gene functions.
Methods
The set of 25,193 coding sequences was obtained by making use of the seqgene.md file from the National Center for Biotechnology Information, build 34. RM, version 2002͞05͞05, was obtained from the Institute for Systems Biology, Seattle. A 24 processor Sun Microsystems (Mountain View, CA) E6500 computer was used for these studies. To prepare the file of ''known protein'' genes that produce the proteins studied, a list of the 25,193 genes with brief identifiers was alphabetized, and blocks were removed, for example, those identified as hypothetical or similar to other genes, with 16,655 remaining. BLAST (8) was used for DNA sequence comparisons and BLASTP (9) for amino acid sequence comparisons. The expectation reported by these programs is the result of a statistical calculation of the likelihood of a chance match with the length and precision reported for each find. As a check, the probes used in each BLASTP search were replaced by random amino acid sequences of the same lengths and of average composition equal to the whole protein library, and only an average of four matches were found with an expectation of Յ10 Ϫ3 .
John Williams carried out much of the data processing and wrote the necessary PERL programs, George Miklos made valuable suggestions, and Eric Davidson's laboratory supplied support.
